Utilization of a fluorescence dye, 1,3-diphenylisobenzofuran (DPBF) as a detector of superoxide anion radical (O c3 2 ) was examined. The fluorescence intensity of DPBF incorporated in phospholipid liposomes consisting of phosphatidylcholine (PC) and phosphatidylserine (PS) is effectively quenched by incubation with xanthine/xanthine oxidase system. On the other hand, xanthine or xanthine oxidase alone did not induce quenching of the DPBF fluorescence in the liposomes. Xanthine/ xanthine oxidase-induced fluorescence quenching of DPBF-labeled liposomes was almost completely protected by the addition of superoxide dismutase (SOD, 1 U/ml), but not by heat-denatured SOD (10 min boiling) at the same concentration. On the other hand, catalase (1 U/ml), and hydroxyl radical and singlet oxygen scavengers (10 mM sodium benzoate, 300 mM mannitol, 1 mM tryptophan and 1 mM sodium azide) did not protect xanthine/xanthine oxidase-induced fluorescence quenching of DPBF-labeled liposomes. The concentration dependence profiles of xanthine oxidase on the DPBF fluorescence quenching and O c3 2 generation showed that there is a good correlation between these parameters. Under the present experimental conditions, approximately 7 WM H 2 O 2 /30 min were produced, but the addition of H 2 O 2 (1 mM) to DPBF-labeled liposomes did not quench the dye fluorescence in the liposomes. Temperature dependence profiles of the DPBF fluorescence quenching induced by xanthine/xanthine oxidase treatment and the excimer fluorescence formation of pyrene molecules embedded in the liposomal membrane suggested that the quenching efficiency of the DPBF fluorescence is largely dependent on their lipid dynamics. Based on these results, we proposed the possibility that DPBF fluorescence quenching method is able to be used as a simple method for detecting O 
Introduction
It is now generally accepted [1^5] that oxidative stress induced by generation of reactive oxygen species (ROS), such as superoxide anion radical (O c3 2 ), H 2 O 2 , hydroxyl radical and singlet oxygen, is closely related to the onset of a number of diseases including in£ammatory diseases, ischemic-reperfusion injury, atherosclerosis, cancer and aging. O c3 2 is widely generated as a reduced intermediate of molecular oxygen in a variety of biological systems by either auto-oxidation processes or by enzymes involved in aerobic metabolism, and its production is increased under conditions of oxygen stress and related phenomena [6, 7] . Although O c3 2 itself is much less reactive, this radical easily turns to hydroxyl radical which is the most potent radical, through the Fenton reaction in the presence of transition metal ions such as Fe 2 [8] . Koch et al. [9] have suggested that the limiting step of hydroxyl radical production is O c3 2 consumption in the system. In fact, Biaglow et al. [10] have recently reported that metal ion-catalyzed production of the hydroxyl radical is dependent on the O c3 2 concentration. Furthermore, recently, increasing attention has been also focused on the interplay of nitric oxide (NO) and O c3 2 . NO reacts with O c3 2 at a di¡usion-controlled process to produce peroxynitrite (ONOO 3 ) and hydroxyl radical [11^13] . The endogenous production of ONOO 3 has been also implicated in the pathogenesis of atherosclerosis [14] and neurodegenerative diseases [15] . These ¢ndings suggest that di¡usion of O c3 2 towards the production sites of hydroxyl radical and/or ONOO 3 in cellular membranes may be an important factor in determining the development of cellular damage relating to ROS production.
Up to this time, cytochrome c reduction [16, 17] and nitroblue tetrazolium (NBT) reduction [18^20] methods have been widely employed for detection of O c3 2 in in vitro systems. However, recently, Gomes et al. [20] have reported that the NBT reduction method is not adequate to determination of O c3 2 concentration in phospholipid liposomes consisting of egg phosphatidylcholine, because NBT decomposes to give a complex product mixture.
Therefore, ¢nding a sensitive and speci¢c probe to detect ROS including O c3 2 is important for analysis of mechanisms of the onset of ROS-mediated cellular injury. The objectives of the present study are to evaluate the ability of a £uorescence dye DPBF as a probe for detecting O 
Materials and methods

Materials
Phosphatidylcholine (egg yolk, PC), phosphatidylserine (PS), xanthine oxidase (buttermilk, 0.82 U/mg protein), superoxide dismutase (bovine erythrocytes, 5800 U/mg protein), horseradish peroxidase (type I, 120 purpurogallin U/mg solid), catalase (bovine serum, 2900 U/mg protein), nitroblue tetrazolium (NBT), 1,3-diphenylisobenzofuran (DPBF) and pyrene were purchased from Sigma (St. Louis, MO). Xanthine monosodium salt and 3(2)-tert-butyl-4-hydroxyanisole (BHA) were obtained from Wako Pure Chemical Co. (Osaka, Japan). Other chemicals used in the present study were of the purest grade. Stock solutions (1 mM) of DPBF and pyrene were made by dissolving in ethanol, and stored at 4³C in the dark until use. The molecular structure of DPBF is presented in Fig. 1. 
Preparation of phospholipid liposomes
Chloroform solutions of PC (10 mg/ml) and PS (1 mg/ml) were mixed, and then evaporated to dryness with a stream of nitrogen gas. The residual solvent was completely removed under vacuum, and appropriate amounts of 10 mM Tris^HCl bu¡er (pH 7.4) were added, then the mixture was sonicated with an Ultra Disrupter UR-200P (Tomy Seiko Co., Tokyo, Japan) until the dispersion became clear. This clear solution was then centrifuged at 25 000Ug for 20 min, and the supernatant was used in the present study. 
Fluorescence measurements
Fluorescence measurements were performed at 37³C using a Hitachi 850 spectro£uorimeter equipped with a rhodamine B quantum counter, unless otherwise speci¢ed. Pyrene-labeled liposomes were prepared by incubating PC/PS liposomes (1 mg/ml) with 5 WM pyrene in 30 mM Tris^HCl bu¡er (pH 7.4) for 10 min at 37³C, and then left to stand for 24 h at 4³C. The ¢nal concentration of ethanol in the reaction mixture was 0.3%. The monomer (I M ) and excimer (I E ) £uorescence intensities of pyrene-labeled liposomes were measured at 392 and 470 nm, respectively, using the excitation wavelength at 340 nm, and the e¤ciency of excimer £uorescence formation was expressed as the value of I E /I M .
DPBF £uorescence was measured as follows. PC/ PS liposomes (0.2 mg/ml) were preincubated for 5 min at 37³C with 8.3 WM DPBF in a reaction mixture containing 30 mM Tris^HCl bu¡er (pH 7.4), 2 mM xanthine monosodium salt and 0.2 mM BHA in the dark, in the absence and presence of antioxidants or radical scavengers. After transferring the reaction mixture (3 ml) to a £uorescence measurement cuvette, 10 mU/ml xanthine oxidase was added, rapidly mixed, then the DPBF £uorescence was monitored (excitation 410 nm, emission 455 nm) [21] . The extent of DPBF £uorescence quenching expressed as the di¡erence (vFI) between the £uores-cence intensities at time 0 (before addition of xanthine oxidase) and at time t (t = minutes after start of incubation with the enzyme). In determination of the pseudo-¢rst-order rate constant (kP) of xanthine/xanthine oxidase-induced quenching of the DPBF £uo-rescence, the £uorescence intensity of DPBF-labeled liposomes was measured within 3 min after the addition of xanthine oxidase to the reaction mixture, because the £uorescence change of the labeled liposomes linearly proceeded until 5 min after the addition of the enzyme. The £uorescence intensity of DPBF in ethanol was proportional to the DPBF concentration up to 16 WM (data not shown).
Determination of the amount of DPBF
The incorporated amounts of the £uorescence dye into the liposomes were determined by a ¢ltration method as follows. The reaction mixture was ¢ltered through a DISMIC-25 syringe ¢lter (0.2 Wm pore size; Toyo Roshi, Tokyo, Japan) and then the absorbance at 410 nm of the original reaction mixture and the ¢ltrate were measured [22] . Under the present experimental conditions, 25^30% (2.1^2.5 WM) of the dye employed were incorporated into the liposomes.
Measurements of reactive oxygen species
2 was generated by a xanthine/xanthine oxidase system and measured by the NBT reduction method as follows. PC/PS liposomes (0.2 mg/ml) were preincubated for 2 min at 37³C with 2 mM xanthine monosodium salt and 1 mM NBT in 30 mM TrisĤ Cl bu¡er (pH 7.4). The reaction was started by the addition of xanthine oxidase (10 mU/ml), and monitored spectrophotometrically at 560 nm (vA = 16 500 M 31 cm 31 [19] ) during 30 min unless otherwise speci¢ed. In kinetic analysis of O c3 2 production, the substrate concentration was varied to 100 WM and the absorbance at 560 nm was recorded until 3 min after of the addition of the enzyme, because the absorbance change proceeded linearly up to 5 min. The total volume of the reaction mixture was 3 ml. Hydroxyl radical and H 2 O 2 production were measured by the p-nitrosodimethylaniline (p-NDA) bleaching method [23] and the 4-aminoantipyrine/peroxidase method [24] , respectively. In the former, PC/PS liposomes (0.2 mg/ml) was preincubated for 2 min at 37³C in a solution containing 50 mM NaCl, 2 mM xanthine monosodium salt, 0.2 mM BHA and 50 WM p-NDA. The reaction was started by the addition of xanthine oxidase (10 mU/ml) to the reaction mixture (3 ml), and the absorbance recorded at 440 nm. On the other hand, H 2 O 2 production was measured using 2.0 mg/ml of PC/PS liposomes as a ¢nal concentration, and other experimental conditions were the same as those described in the p-NDA bleaching method, except for the use of 30 mM Tris^HCl bu¡-er (pH 7.4) in place of NaCl. The total volume of the reaction mixture was 3 ml. The amount of H 2 O 2 produced was calculated using the molar extinction coe¤cient of 6400 M 31 cm 31 [24] .
Uric acid determination
The formation of uric acid from xanthine by xan-thine oxidase treatment was measured according to the procedure described by Fridovich [25] as follows. The reaction was started by the addition of xanthine oxidase (10 mU/ml) to the reaction mixture containing 100 WM xanthine monosodium salt and 30 mM Tris^HCl bu¡er (pH 7.4) at 37³C and the absorbance at 295 nm was recorded during 3 min, because the absorbance change proceeded linearly up to 3 min after the addition of the enzyme. The amount of uric acid formed was calculated using the molar extinction coe¤cient (A = 11 000 M 31 cm 31 ) at 295 nm [25] .
Statistical analysis
Data are presented as mean þ S.D. for three independent measurements. To determine statistical signi¢cance between groups, the data were analyzed by an ANOVA Bonferroni's multiple t-test.
Results
Fluorescence characteristics of DPBF
As shown in Fig. 2 , incubation of PC/PS liposomes with DPBF for 30 min at 37³C resulted in a marked £uorescence exhibiting two peaks at 455 and 477 nm in the emission spectrum. A similar spectrum with a high £uorescence intensity of the dye was also observed when the dye was dissolved in ethanol. On the other hand, sonication (5 min at 0³C) of DPBFlabeled liposomes caused a marked decrease of the dye £uorescence. In addition, the £uorescence intensity of the dye was not detected in the bu¡er solution without the liposomes.
Change in DPBF £uorescence by xanthine/ xanthine oxidase treatment
When DPBF-labeled liposomes were incubated with xanthine oxidase in the presence of xanthine at 37³C, the dye £uorescence was quenched in a time-dependent manner (Fig. 3) . On the other hand, incubation of the labeled liposomes with either xanthine or xanthine oxidase alone did not cause any change in the DPBF £uorescence, indicating that the £uorescence change in DPBF-labeled liposomes induced by xanthine/xanthine oxidase treatment is not due to interaction of the liposomes with xanthine or xanthine oxidase itself. In addition, under the present experimental conditions, the presence of 0.2 mM BHA in the reaction mixture showed no e¡ect on the £uorescence response against xanthine/xanthine oxidase treatment (data not shown).
As can be seen in Fig. 4A and B, the concentration dependence of xanthine oxidase on O 
E¡ects of SOD and other radical scavengers
The e¡ects of increasing concentrations of SOD on xanthine/xanthine oxidase-induced DPBF £uores-cence quenching were examined.
As shown in Fig. 5 , the £uorescence quenching of DPBF-labeled liposomes induced by xanthine/xanthine oxidase treatment e¡ectively protected by the addition of SOD in a concentration-dependent manner, and the protective e¡ect of SOD was almost saturated above 0.7 U/ml of the enzyme. On the other hand, heat-denatured SOD (boiled for 10 min) with a consequent loss of 92% of its activity did almost not protect the DPBF £uorescence quenching induced by xanthine/xanthine oxidase treatment, and the vFI values of DPBF-labeled liposomes without and with the denatured SOD (1 U/ml) after incubation with xanthine oxidase for 30 min at 37³C were 63.8 þ 2.8 and 63.3 þ 4.8 (n = 3), respectively. The addition of SOD (1 U/ml) to DPBFlabeled liposomes in the absence of xanthine oxidase did also not a¡ect on the £uorescence intensity of the dye (data not shown).
On the other hand, scavengers of hydroxyl radical and singlet oxygen (sodium benzoate, mannitol, tryptophan and sodium azide) and catalase showed no protective e¡ect on xanthine/xanthine oxidase-induced DPBF £uorescence quenching (Table 1 ). In the absence of xanthine/xanthine oxidase system, these compounds and the enzyme did not induce any change in the DPBF £uorescence in the lipo- (2 mM), and the extent of DPBF £uores-cence quenching was expressed as vFI as described in the legend to Fig. 3 . The data of O c3 2 generation described in B were obtained from A. Other experimental conditions are the same as those described in the legend to Fig. 2. (A) *P 6 0.05 vs. the system without xanthine oxidase, **P 6 0.05 vs. the system with xanthine oxidase (1 mU/ml). (B) *P 6 0.05 vs. the system with xanthine oxidase (1 mU/ml). somes (data not shown). Furthermore, the addition of H 2 O 2 to DPBF-labeled liposomes in the absence of xanthine/xanthine oxidase system did also not induce quenching of the dye £uorescence (vFI = 63.8 þ 2.8 and 63.5 þ 3.2, for the systems without and with 1 mM H 2 O 2 , respectively: n = 3), indicating that H 2 O 2 is not involved in xanthine/xanthine oxidase-induced quenching of the DPBF £uorescence in the liposomes observed in the present study.
E¡ects of temperature variation
To investigate the contribution of the lipid dynamics on DPBF £uorescence quenching in PC/PS liposomes induced by xanthine/xanthine oxidase treatment, the e¡ects of temperature variation on the e¤ciency of the excimer £uorescence formation of pyrene-labeled PC/PS liposomes and the rate of the The liposomes were incubated with xanthine/xanthine oxidase for 30 min at 37³C in the presence and absence of radical scavengers or antioxidant. Other experimental conditions are the same as those described in the legend to Fig. 2 . £uorescence quenching of DPBF-labeled liposomes were examined. When the temperature was increased, the e¤ciency of excimer £uorescence formation of pyrene molecules embedded in the liposomal membranes and the pseudo-¢rst-order rate constant (kP) of xanthine/xanthine oxidase-induced quenching of the DPBF £uorescence in the liposomes were increased depending on the temperature with the similar bending points (27^30³C, Fig. 6A ). In addition, the temperature dependence pro¢les of the enzyme activities showed that uric acid formation and O c3 2 generation from xanthine by xanthine oxidase treatment in the absence of the liposomes were also transitionally enhanced around 27^30³C (Fig. 6B) , indicating that the enzyme is not denatured in the temperature range tested.
Discussion
DPBF has been widely employed as a singlet oxygen trap in organic solutions [22] and in phospholipid liposomes [21, 26] . In this paper, we proposed the possibility that the DPBF quenching method is able to be used as a simple method to detect O Incubation of PC/PS liposomes with DPBF resulted in a marked £uorescence development of the dye. However, the DPBF £uorescence was not detected when the dye was dispersed in Tris^HCl bu¡er (pH 7.4), and sonication of the labeled liposomes also caused a marked decrease in the dye £uores-cence (Fig. 2) . In addition, it was found that 808 3% of the incorporated DPBF were excluded in the medium by sonication of the labeled liposomes. These results suggest that the dye molecules come out from the membrane lipids to aqueous phase by destruction of the membrane structure by sonication, because DPBF easily forms a non-£uorescent dimer in water [22] . From these ¢ndings, it seems that DPBF molecules are located in the hydrocarbon core in the liposomal membrane lipids and that the complete membrane structure is necessary for development of the dye £uorescence.
We found that the DPBF £uorescence in the liposomes was sensitively quenched in a time-dependent manner in the presence of both xanthine and xanthine oxidase (Fig. 3) . This £uorescence quenching was markedly suppressed if SOD was added to the reaction mixture, depending on the concentration of the enzyme (Fig. 5) . On the other hand, xanthine or xanthine oxidase itself did not show any change in the DPBF £uorescence. In addition, the extent of the £uorescence quenching of DPBF incorporated in the liposomes by xanthine/xanthine oxidase treatment was dependent on the extent of O c3 2 generation (Fig. 4B ) and the SOD concentration (Fig. 5) . From these results, it is suggested that change in the DPBF £uorescence induced by incubation of DPBF-labeled liposomes with xanthine oxidase in the presence of xanthine is due to interaction of the dye molecules embedded in the lipid layer in the liposomal membranes with O c3 2 generated during the reaction, although the exact mechanism of the £uores-cence quenching is unclear at present. This interpretation was further con¢rmed from the ¢nding that heat-denatured SOD or catalase did not protect quenching of the DPBF £uorescence induced by xanthine/xanthine oxidase treatment.
It is well known [25] that the reaction of xanthine and xanthine oxidase under aerobic conditions results in the production of both univalent and divalent reductions of oxygen, O c3 2 and H 2 O 2 . In fact, under the present experimental conditions, 6.9 þ 0.1 WM H 2 O 2 (n = 3) was produced by incubation of PC/ PS liposomes with xanthine/xanthine oxidase for 30 min at 37³C. However, xanthine/xanthine oxidase-induced quenching of the DPBF £uorescence in the liposomes was not protected by the addition of catalase to the reaction mixture (Table 1 ). In addition, treatment of DPBF-labeled liposomes with H 2 O 2 (1 mM) did not cause the £uorescence change. From these results, it is suggested that H 2 O 2 is not involved in the £uorescence quenching of DPBF-labeled liposomes induced by xanthine/xanthine oxidase treatment.
The extent of p-NDA bleaching did not change through incubation of PC/PS liposomes with xanthine/xanthine oxidase (A 440 = 1.38 þ 0.02 and 1.29 þ 0.01, n = 3, for the systems before and 30 min after the start of treatment, respectively), indicating that hydroxyl radical is not generated under the present experimental conditions. Britigan et al. [27] have also reported that hydroxyl radical does not appear to be a product of the oxidation of xanthine by xanthine oxidase. Therefore, the contribution of hydroxyl radical against xanthine/xanthine oxidaseinduced quenching of the DPBF £uorescence observed in the present study was ruled out. In fact, several hydroxyl radical scavengers (sodium benzoate, mannitol and tryptophan) did not protect xanthine/xanthine oxidase-induced quenching of the DPBF £uorescence (Table 1 ). In addition, the possibility that singlet oxygen is produced from the reaction between O The e¤ciency of excimer £uorescence formation of pyrene-labeled liposomes increased depending on the temperature (Fig. 6A) . Since pyrene is predominantly located in the central methylene region of aliphatic chains of the PC bilayer [31] and the excimer formation of pyrene is dependent on the solvent viscosity and the dye concentration, i.e., di¡usion-controlled process [32] , an increased excimer £uorescence formation of pyrene-labeled liposomes with an increase of the temperature plausibly explains an arrangement of concentrated pyrene molecules favorable to excimer formation due to an increase of the membrane lipid £uidity. In addition, the excimer formation of the pyrene-labeled liposomes was transitionally enhanced at 29^30³C, suggesting that lipid organization in the liposomal membranes is transitionally changed around this temperature.
The kinetic studies of the DPBF £uorescence showed that the rate of xanthine/xanthine oxidaseinduced £uorescence quenching of DPBF-labeled liposomes was also accelerated depending on the increase of the temperature (Fig. 6A) . It is of interest that the extent of the quenching rate constant (kP) of the DPBF £uorescence in the liposomes by O c3 2 also markedly increased above 27³C. One possible explanation for an abrupt increase of the kP value above 27³C is a facilitated penetration of O c3 2 into the lipid layer in the liposomal membranes due to an increased O c3 2 generation, because the temperature dependence of xanthine oxidase activity, assessed by uric acid formation and O c3 2 production, in the absence of the liposomes showed a similar curve with the transition point at 27^30³C in the temperature range tested (Fig. 6B ). An increased concentration of O c3 2 around DPBF molecules located in the membrane lipids may induce an enhanced quenching of the dye £uorescence. This interpretation is further supported from the ¢nding that the extent of DPBF £uorescence quenching proceeds linearly to the O c3 2 concentration (Fig. 4B) . Furthermore, it seems that the transition temperature of O c3 2 penetration is close to that of excimer £uorescence formation of pyrene molecules embedded in the membrane lipids (27^30³C). This phenomenon suggests that the e¤ciency of DPBF £uorescence quenching by O c3 2 may be controlled by the lipid organization in the membrane.
Based on these results, we proposed the possibility that DPBF can be used as a £uorescence indicator to detect O c3 2 in model membranes, and suggested that the lipid dynamics is the important factor in controlling O c3 2 penetration into their lipid layer, although further detailed experiments using several biological membranes and cells are necessary.
